Introduction
Lake-level fluctuation of closed-basin lakes in semi-arid regions is an important indicator of local climate variability . Closed-basin lakes act as virtual rain gages and evaporation pans for their associated watersheds, integrating spatial and temporal variability of the rather noisy pattern of precipitation throughout the watershed. Large lakes directly record the balance of inflow and evaporation and, therefore, reflect any persistent wet/dry periods. Situated in the eastern Great Basin of the United States, the Great Salt Lake (GSL) is a closed-basin remnant of the giant Pleistocene lake -Lake Bonneville (Figure 1 ). The GSL is shallow (no deeper than 30 m) and expansive (covering at least 4400 km 2 ), and its level integrates the marked spatial difference of precipitation between valleys and mountains, dampens out high-frequency variation, and records primarily decadal-scale variability (Lall and Mann, 1995) . By retaining this low-frequency information, the instrumental record of GSL elevation (hereafter GSL level) has emerged as a crucial component for understanding regional water resources and climate predictions on decadal-tomulti-decadal timescales.
The impact of El Niño-Southern Oscillation (ENSO) on precipitation anomalies and drought over the western United States has been studied extensively. It is now well established that ENSO tends to produce the so-called North American dipole encompassing the Pacific Northwest and the Southwest with opposite polarity in precipitation anomalies (Dettinger et al., 1998 and subsequent works). However, past studies (Rajagopalan and Lall, 1998; Zhang and Mann, 2005) have noted that the central part of the western United States (e.g. the GSL watershed) is shielded from direct influence of ENSO as the region lies between the marginal zone of ENSO's north-south dipole pattern. Later studies (Brown, 2011; Hidalgo and Dracup, 2003) also found that the ENSO-climate connection in the western United States is not stable; rather, it fluctuates following a long-term oscillatory manner, likely controlled by the Pacific Decadal Oscillation (PDO; .
Previous power spectral analysis of the GSL-level variation revealed predominant quasi-decadal (10-15 years) and multidecadal (~30 years) frequencies (Wang et al., 2010 . These 10-to 15-year and 30-year frequencies coincide with the Pacific Quasi-Decadal Oscillation (QDO; Hasegawa and Hanawa, 2006; Tourre et al., 2001; Wang et al., 2011) and the Interdecadal Pacific Oscillation (IPO; Folland et al., 2002) , respectively. Previous studies by Wang et al. (2010 Wang et al. ( , 2011 indicated that within the QDO and IPO framework, the hydrological factors controlling the GSL level (like precipitation and streamflow) respond to a particular atmospheric teleconnection that is induced at the transition point of those oscillations. The transition lies approximately halfway between the warmest and coldest sea surface temperature (SST) anomalies in the tropical Central Pacific, producing a transPacific short-wave train. This short-wave train generates an anomalous trough (ridge) over the Gulf of Alaska during the warm-to-cool (cool-to-warm) transitions of the QDO/IPO oscillations, subsequently enhancing (reducing) precipitation in the GSL watershed. This knowledge has been applied to develop a forecast model that predicts the GSL-level change out to 8 years . Furthermore, tree-ring-reconstructed precipitation data over northeastern Utah (Gray et al., 2004 ) not only supported the QDO and IPO influences on the GSL but also suggested possible longer cycles (Wang et al., 2010) that are difficult to verify within the short instrumental data period.
It has been demonstrated that tree-ring chronologies can be an effective proxy for lacustrine levels (Quinn and Sellinger, 2006; Wiles et al., 2009) . In this paper, we use tree-ring data to extend the GSL-level record into the past. Like streamflow reconstructions based on tree rings, the relationship between GSL lake level and tree-ring increment is indirect. To further complicate this indirect relationship, the amount of precipitation necessary to increase lake level likely increases exponentially given the large, shallow nature of the GSL basin. Although small changes in absolute elevation result in large changes in surface area (Morrisette, 1988) , the increased area is subjected to increased summertime evaporation, effectively dampening lake levels (Currey et al., 1984) . However, the relatively small year-to-year elevation changes ought to reflect annual precipitation delivery to the basin because GSL transpiration balances inflow by late summer (Currey et al., 1984) .
We investigate the response of tree-ring width increment to precipitation fluctuations integrated by the GSL level, and explore the usage of this response in reconstructing the GSL level. This rationale has been tested for streamflow models within the GSL basin (Allen et al., 2013; Bekker et al., forthcoming), and for nearby watersheds such as Colorado (Woodhouse et al., 2006) and northeastern Utah (Carson and Munroe, 2005) , as well as for lake-level reconstructions (Meko, 2006) . In this study, we (1) develop a GSL-level reconstruction using multiple tree-ring chronologies as predictors, (2) use the reconstruction to characterize regional droughts and pluvials, (3) test the veracity of the reconstruction by comparing it with recent streamflow reconstructions of major GSL tributaries, (4) subject the GSL reconstruction to an examination of possible multi-decadal periodicity, and (5) use the GSL reconstruction to explore regional climate dynamics.
Methods

GSL level
Following the GSL prediction model built from instrumental records by Gillies et al. (2011) , we focused the reconstruction effort on the first differencing of GSL level (i.e. water year minus previous water year) to capture the hydrologic input of the lakelevel change; the differencing also serves to normalize the timeseries. Because regional precipitation delivery is dominated by cold season storms originating in the Pacific Ocean that bring moisture as snow, and the distribution of monthly precipitation for the region is rather uniform between January and March, water year (September-August) data effectively characterize the hydroclimate. For the dependent variable, we used the GSL water year record from 1876 to 2005, available from the United States Geological Survey (http://waterdata.usgs.gov/ut/nwis/uv/?site_ no=10010000). Although GSL level has been estimated back to 1848, we only used the data after 1876 when direct physical measurement began. 
Reconstruction procedure
Increment cores from multiple sites within the GSL watershed were collected from 2010 through 2012 following common protocols (Speer, 2010; Stokes and Smiley, 1968) . From these sites, seven were ultimately chosen for modeling based on their length (>500 years) and their depth (>40 trees) and included multiple species from across a large range of elevation (Table 1 and Figure 1 ). Site-specific chronologies were developed by crossdating individual series using the marker year method (Yamaguchi, 1991) . The precision of crossdating for all tree-ring chronologies was verified using the program COFECHA (Holmes, 1983) , a quality control protocol that ensures proper assignment of calendar years to each and every growth ring. Prior to model-building, all tree-ring series were detrended using a 100-year cubic smoothing spline (Cook and Peters, 1981) to accentuate highfrequency variability in ring width pattern before calculating a biweight robust mean for each year to minimize the effects of individual extreme years on the estimation of the mean (Cook and Kairiukstis, 1990) .
A total of 21 predictor variables (7 chronologies plus their n − 1 and n + 1 lags) were screened based on the significant relationship (p < 0.05, two-sided) with the dependent variable (GSL level). As is common in streamflow reconstructions, we allowed n − 1 and n + 1 lags to be considered as predictors in the model. Given the inherent growth-related persistence found in tree-ring chronologies (Cook and Kairiukstis, 1990 ) and the low-frequency signal found in the GSL level, time-lagged predictors potentially increase predictive model skill. We used a principal components (PCs) regression analysis approach that reduces the chronologies to their primary mode of variability; this minimizes the possibility of over-fitting compared with, for example, a straightforward multiple regression. An eigenvalue cutoff greater than or equal to 1 was used to screen predictors for the final model. A stepwise regression approach that minimized Akaike Information Criterion (Burnham and Anderson, 2002 ) was used to determine final predictors in the model. Rigorous split calibration/verification procedures were performed on early and late periods before building a full-model calibration on the total period . Calibration/verification was assessed via the reduction of error (RE) and coefficient of efficiency (CE) on first differenced results as discussed in Cook and Kairiukstis (1990) . The sign test, a tabulation of correspondent year-to-year changes between the observed data and the reconstruction, was used to assess model fit. Model skill was described using r 2 and adjusted r 2 , and the potential residual autocorrelation was assessed with the Durbin-Watson statistic (Draper and Smith, 1998) .
Year-to-year extremes of high (low) GSL level were tabulated to characterize possible pluvial (drought) conditions. We correlated the reconstructed lake level with recently developed streamflow reconstructions (Allen et al., 2013; Bekker et al., forthcoming) for two important tributaries to the GSL in order to verify correspondence and to elucidate possible sub-regional differences in precipitation. Wavelet analysis was used to explore the spectral properties of the reconstructed time-series (Torrence and Compo, 1998) .
Climate diagnostics
Given the significant, yet inverse correlations of the multidecadal variations between the GSL level and the IPO found in instrumental records , it is of interest to examine the stationarity of the GSL-IPO relationship during the past half millennium. However, to address this question, a reconstruction of the IPO is needed, which is currently nonexistent. Therefore, we adopted two tree-ring-based reconstructions of the PDO index (Biondi et al., 2001; MacDonald and Case, 2005) covering the period 993-1996 as surrogates, given the shared spectral power between PDO and IPO (the annual-mean PDO and IPO indices are correlated r = 0.67 during the 1900-2010 period, data not shown). While the PDO was defined as the first PC of the North Pacific sea surface temperature anomalies (SSTAs north of 20N (Mantua et al., 1997) , the IPO represents the first PC of SSTA over the entire Pacific Basin (e.g. Folland et al., 2002) . Their difference mainly lies in the tropical loading of SSTA and the fact that the IPO contains slightly higher power in the interannual frequency; 30-year running correlations were calculated between the GSL reconstruction and PDO. From a sampling point of view, the low-frequency variability in running correlations between any pair of climatic time-series often contains apparent periodicities; this is known as the 'Slutsky-Yule effect' (Wunsch, 1999) and one that may result in pseudo-physical explanations for stochastic noise . Thus, to examine the fluctuations revealed from the 30-year running correlations, we also computed the 100-year running correlation for the GSL and PDO reconstructions.
Results
GSL watershed
The original pool of 21 predictors was reduced to 13 based on their relationship with the dependent variable. Among the 13 retained predictors, JTR (Table 1) was the only site not represented in the final model (Figure 1 ). PCs analysis of the 13 predictors resulted in five components with an eigenvalue >1, of which four were chosen for the final model based on stepwise regression. The final GSL model explained 48% of the variance in the historical GSL record (Figure 2) . The reconstruction passed all common calibration-verification schemes (Table 2) , including tests for RE and CE, the latter of which is extremely difficult to pass (see Cook and Kairiukstis, 1990) . The first differenced tests indicated strong temporal fidelity in the GSL model over the measurement period. However, the model did not capture the magnitude of either the early 1980s pluvial or the ensuing 1987 draining of the lake via pumping, which was unprecedented (in the historical record). Yet, the model closely followed the patterns of GSLlevel change as indicated by the sign test (Table 2) . The GSL reconstruction extended 576 years, from 1429 to 2005 (Figure 3 ), which provided a multi-centennial perspective to assess the long-term variability of the GSL level. Tabulation of the 15 most severe wet and dry individual years (Table 3) revealed that the GSL reconstruction tracked known historic droughts (e.g. 1846, 1932, 1935, and 2000-2001) and historic pluvials (e.g. 1907 and 1986) . More interestingly, the reconstruction indicated the vast majority of wet and dry years occurred prior to the historical record. For example, the driest (wettest) year on record, 1581 (1464) occurred many centuries ago and was substantially larger in magnitude than the historical record. At lower frequencies, the GSL lake-level reconstruction revealed large, multi-year reductions in lake levels from 1580-1600, in the 1630s, and from 1700-1710 that in each case were at least as severe as the known lake-level minima during the drought of the 1930s and 2000-2001 (Figure 3) . Similarly, the pluvials during the mid-1550s, early 1600s, and 1740s exceed in intensity the pluvials of the early 1900s and the 1980s (Figure 3 ). Significant relationships between reconstructed GSL level and (1) the Logan River reconstruction (r = 0.41) and (2) the Weber River reconstruction (r = 0.61; Figure 4 ) indicated relatively strong spatial coherence in water year precipitation delivery for the region. Matching individual dry years were found in regional streamflow reconstructions, such as 1846 (Logan) and 1845-1846 (Weber). However, sub-regional differences were apparent between the GSL and the two rivers, in particular at lower frequencies (Figure 4 ). For example, in the mid-17th century, only the Weber reconstruction tracked closely with the GSL, but not the Logan reconstruction (Figure 4) . Similarly, the Logan River reconstruction did not indicate the same intensity of the early 1630s pluvial as that in the Weber and GSL reconstructions. Wavelet analysis of the reconstructed GSL level ( Figure 5 ) revealed that the pattern of the decadal-scale oscillations changed over time. The earlier part of the data (1429-1700) exhibited predominant 30-to 60-year periodicity, whereas the post-1700 data revealed stronger 10-to 15-year periodicity. Also, the juxtaposition of both ~30-to 60-year and ~10-to 15-year periodicity persisted until 1600 and was missing in the latter half of the reconstruction ( Figure 5 ). The ~30-to 60-year periodicity in the pre-1700 period indicated that prolonged and intensive drought cycles were likely a common feature in the GSL watershed (Figures 3 and 5) .
Climate diagnostics
Both PDO reconstructions (Biondi et al., 2001; MacDonald and Case, 2005) revealed similar fluctuations of running correlations with the GSL level, showing periodic episodes of significant correlations after 1650 (Figure 6a ). Significantly negative correlations only appeared during the late 1500s to late 1700s. In contrast, 100-year running correlations showed a different pattern, which suggested a 'regime change' in the relationship between GSL and PDO. The relationships shifted from insignificant between 1500 and 1750 to significant after 1750 to the mid20th century (Figure 6b ).
Discussion
This study represents the first attempt at dendroclimatological characterization of the GSL level. Like most tree-ring-based reconstructions, there are limitations to the inference drawn from the data. For example, our parsimonious PCs derived model accounted for roughly half the variation in year-to-year GSLlevel changes, and we suggest at least three reasons for this: (1) additional and/or better predictors are needed to improve the reconstruction, (2) spotty tree-ring data are inherently limited in explaining the full variation of spatiotemporally integrated precipitation over a large basin, and/or (3) the indirect relationship between changing lake levels and tree-ring increment are too loosely coupled. However, it is important to note that our reconstruction was similar to those found in other tree-ring-based lakelevel reconstructions (36-50% variance explained, Meko, 2006; Quinn and Sellinger, 2006) . Regardless of these issues, the GSL reconstruction provides invaluable information for water resource variability for over half a millennia, enhances regional climate diagnostics, and adds to the paltry list of paleoclimate data sets for the Intermountain West.
While the year 1581 exhibited the most severe single-year drought on record, the low-frequency pattern suggests that the 1630-1640s exhibited the most extended period of dry conditions, not including the beginning of the reconstruction (1430s). It appears that drought conditions more intense and longer lasting had characterized the 300 years before 1750. While the 1930s was a severe drought in the GSL region and continentally (Stahle et al., 2007) , it was relatively short compared with the 1580s, 1630s, and early 1700s droughts. The 1580s mega-drought (Stahle et al., 2000) is also visible in the reconstruction, but that drought was rivaled by the 1630s drought in the GSL watershed (Figure 3 ). These observations shed light on a new possible historical context for extreme drought conditions and corroborate the previously documented existence of larger and longer paleodroughts (Barnett et al., 2010; Gray et al., 2004 Gray et al., , 2011 . Characteristics of both the intensity and magnitude of reconstructed drought events or periods could be incorporated into contemporary water management to bolster risk assessment. By contrast, multi-year infilling and lake-level increase were most pronounced from 1600 to 1625 during what appears as the largest pluvial event in the record (Figure 3) . The next largest 'wet' event in the historical record was the early 1900s pluvial, which was less severely wet than the early 17th century and even less so when compared with the modern analog, the 1980s pluvial. This rare, striking pluvial event was evident in all individual predictor chronologies, which suggested regional similarities in synoptic/weather forcing that created the wet conditions. Notable high lake levels during 1983-1986 (see Morrisette, 1988) provided an analogy with which to compare the GSL reconstruction. Our reconstruction reveals as many as seven previous pluvial events that are at least as large as the 1980s event. In particular, the early 1600s appear to record the largest pluvial of the last five centuries (Figure 3 ).
While historic lake levels have reached as high as 1283.8 m, Currey et al. (1984) suggested that the GSL has filled to within 1 m of the Salt Lake International Airport runway elevation (~1285.3 m a.s.l.) at least twice in the last 3000 years, with the latter of those high levels putatively occurring in the 1670-1700 period, based on radiocarbon dates of sediment (Miller et al., 2005) . Based on the annual resolution GSL tree-ring reconstruction, we suggest that this extreme lake level most likely occurred in the first half of the 17th century, a few decades earlier than 1670. Based on this timing, a pre-1630 high-GSL event would have been more probable than ~1670 suggested by Miller et al. (2005) , given the cooler 'Little Ice Age' (LIA; Houghton et al., 1990) conditions prior to 1670 that reduced evapotranspiration. The GSL reconstruction indicated a new 'high level' that was likely much higher than the 1980s event, which had triggered the state of Utah to install expensive pumping facilities. Regional (Biondi et al., 2001; MacDonald and Case, 2005) .
GSL: Great Salt Lake; PDO: Pacific Decadal Oscillation.
water resource managers should be aware of the possibility that GSL levels could rise much higher than were seen in 1986-1987. Year-to-year changes in GSL level closely aligned with drought/pluvial events recorded in regional streamflow reconstructions and, upon closer examination, revealed intra-regional differences unique to individual drainages. The Logan River is a major tributary to the Bear River, which in turn is the single largest contributor to the GSL. The Weber River is also a major contributor to the GSL, and the rivers originate in adjacent watersheds (Figure 1) . The strong relationships between GSL level and both river reconstructions provided evidence that there was relatively strong spatial coherence in the delivery of precipitation during the water year over the entire region. However, sub-regional differences do exist between the GSL and the two rivers. The implication is that the center of pluvial activity migrates around the basin, sometimes more prominent in the north (Logan River) than in the south (Weber River) and vice versa (sensu Allen et al., 2013) . This is also an indication that the geographic range of tree-ring sampling sites (Figure 1 ) reflects the changing rainfall distributions from year-to-year, and decade-to-decade.
The significant periodicity at sub-decadal timescales revealed by the wavelet analysis was persistent throughout the time-series and likely reflects the correspondence between the known association between the GSL level and the Pacific QDO and IPO (Wang et al., 2010 . Interestingly, the shift from strong 30-to 60-year periodicity to more quasi-decadal variability occurred around the approximate end of the most severe temperature trough associated with the LIA. Whether this reflects regional conditions such as diminishing cloud cover (i.e. increasing evaporative demand) or extra-regional forcing (i.e. Pacific Ocean SST changes) is subject to further scrutiny.
The 30-year running correlation analysis indicated generally positive but marginally significant relationships between reconstructed GSL level and both PDO indices, in particular after the mid-1750s (Figure 6 ). However, prior to then, the relationship between GSL and PDO was less clear. Furthermore, comparing both running correlations with the wavelet spectra ( Figure 5 ) suggests a concurrence between the change in the GSL-PDO correlations and the shift in GSL's periodicity near c. 1700. First, the low-frequency variability apparent in the 30-year GSL-PDO relationship (Figure 6a ) strongly mirrors the ~10-to 15-year periodicity in the wavelet spectra ( Figure 5) . Second, the long period of low correlations from the mid-1550s to ~1700 in both the 30-year and 100-year running correlations are concurrent with the ~30-to 60-year periodicity in the GSL reconstruction ( Figure 5 ). Such a shift in climate regime is intriguing and can only be elaborated through sophisticated climate model experiments.
Using a large quantity of tree cores (>500) collected throughout Utah dating back to 1750, DeRose et al. (2013) found that the borderline of the ENSO dipole revealed considerable latitudinal fluctuation over the past three centuries. The fluctuation followed what seems to be a multi-decadal oscillation of 30-50 years, during which the state of Utah either was bifurcated by the borderline of the ENSO dipole or was completely engulfed by the El Niño regime (i.e. whereby El Niño would increase precipitation, as is the case for Arizona and New Mexico). found that such meridional fluctuation of the borderline of the ENSO-precipitation correlation in the GSL region is modulated by the PDO. Furthermore, the fluctuations in the running correlations ( Figure 6 ) detailed the regional impact of the constructive and destructive phase overlaps between the PDO and ENSO over the western United States (e.g. Brown and Comrie, 2004; Dettinger et al., 1998) .
Finally, it appears that lower frequency variability is inherent in the GSL-PDO relationships. For example, the running correlations appear to increase early in the record, prior to 1500. Wang et al. (2010) have noted that the decadal variability of northeastern Utah's reconstructed precipitation (back to 1300) increases (decreases) following the positive (negative) phases of 150-year variability. Whether or not the low-term change of the GSL-PDO relationship is connected to such 150-year variability requires future analysis and longer data.
Conclusion
Annually resolved tree-ring data collected within the GSL watershed allowed us to reconstruct the GSL level from 1429 to 2005, a 576-year record. Results from the calibration/verification procedures determined the temporal fidelity of the reconstruction and suggested that annual variability of the GSL level was adequately reproduced. Strong coherence with regional streamflow reconstructions indicated that northern Utah generally exhibits a synchronous hydroclimatology; however, intra-regional differences were evident and likely reflect variability in precipitation delivery or the shifting influence of the ENSO dipole on precipitation patterns. Pronounced wet/dry periodicity was revealed by spectral analysis of the GSL reconstruction, which indicated that ~30-to 60-year variability was prevalent prior to ~1700, and ~10-to 15-year variability prevalent from 1700 to current. The shift of this regime change appeared to coincide with the peak in LIA conditions. Regardless, both periodicity regimes were characterized by severe reductions and infilling of GSL level, which translated into drastic fluctuations between dry and wet conditions, respectively. Comparison between the GSL-level and PDO reconstructions indicated potentially shifting climate forcing for the region, and confirmed that PDO, or similar Pacific Ocean teleconnections, likely modulate the polarity of ENSO effects on precipitation delivery to northern Utah. The post-1750 dominance of the quasi-decadal variability in the GSL and streamflow reconstructions pointed to another important climate forcing of the Pacific QDO documented previously Wang et al., 2010 . As an indicator of low-frequency precipitation regimes for northern Utah, the GSL reconstruction provides new insight to inform regional water resources management.
